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ATCC   American Type Culture Collection 
MTB   magnetotactic bacteria 
TPR    tetratricopetide repeat 
MAI   magnetosome island 
A600   absorbance at 600 nm  
SDS PAGE  sodium dodecyl sulface polyacrylamide gel electrophoresis 
kDa   kilo Dalton or 1,000 dalton 
mamA   mamA deletion mutant 
mms6   mms6 deletion mutant 
LB medium  Luria-Bertani medium 
IgG   immunoglobulin G 
a. a.    amino acid  
Mms6
1-133
  full length Mms6 peptide with amino acids 1 to 133 
Mms6
1-111
  Mms6 peptide with amino acids from 1 to 111 
Mms6
1-88
  Mms6 peptide with amino acids from 1 to 88 
Mms6
75-133
  Mms6 peptide with amino acids from 75 to 133 
PCR   polymerise chain reaction 
IPTG   isopropyl-β-D-thiogalactopyranoside 


















For many years ago, bacteria were thought as the “bags of enzymes”, however, 
due to the development of electron microscopy, bacterial structures have been studied 
well. Interestingly, many bacteria were recently investigated to contain intracellular 
macromolecular compartments which have order structures and specific components 
that are similar to eukaryotic counterparts. The compartments are referred to as bacterial 
organelles (1, 2). There is considerable interest in how such complex organelles form in 
bacteria. However, the study on bacterial organelles has a short history, therefore the 
understanding of them is limited to the comparison to eukaryotic organelles. Bacterial 
organelles can be divided into two classes. One class is bounded by a proteinaceous 
layer, e.g. carboxysomes (3) and gas vesicles (4), while the other class is surrounded by 
a lipid-bilayer membrane, e.g. pirellulosomes (5). Recent researches have focused on 
the proteinaceous-type of organelles due to their important roles in metabolic activities, 
e.g. the CO2 fixation in the carboxysome (6-8). On the other hand, a little progress has 
been made about the lipid-bilayer class which is similar to eukaryotic organelles. A 
well-known example of membrane-enveloped bacterial organelles is magnetosomes, 
which are found in magnetotactic bacteria (MTB) (9-11). The magnetosomes allow 
MTB to align and swim along the geomagnetic field when MTB move to find a 
favorable microaerobic habitat (9-11).  
MTB are a diverse group of aquatic bacteria which are found in sediments of 
freshwater, marine and hypersaline habitats (12). The phylogenetic diversity of MTB is 
belonging to Alpha-, Gamma-, Delta-proteobacteria classes of the Proteobacterium 
phylum, or the Nitrospira phylum, or the candidate division Omnitrophica (OP3) 
phylum according to 16S rRNA sequences. MTB contain magnetosomes, which 




function as a magnetic sensor for bacterial orientation following the geomagnetic field. 
The detailed process of magnetosome formation is still not clearly understood. 
However, I introduce here a recent model about the magnetosome formation (13) (Fig. 
1-1). First, magnetosome vesicles are formed by invaginations of the cytoplasmic 
membrane. Second, the individual vesicles are assembled into a chain. Finally, iron ions 
are transferred into the magnetosome vesicles from cytoplasm using magnetosome 
specific iron transporters (14), then magnetite crystals are mineralized in the vesicles 
(13) (Fig. 1-1). Each of the steps is mediated by a specific set of 
magnetosome-associated proteins. Most of magnetosome-associated proteins are 
encoded from mam (magnetosome membrane) or mms (magnetite particle membrane 
specific) genes in the MTB specific genomic region, termed the magnetosome island 
(MAI) (15-18) (Fig. 1-2). At present, 13 MAI sequences have been revealed from 
phylogenetically diverse MTB belonging to the Alpha-, Gamma-, Delta-proteobacteria, 
and Nitrospirae (19).  
Magnetospirillum magneticum AMB-1 belonging to alphaproteobacteria is one 
of the most studied MTB. AMB-1 is now used as a model species of MTB because 
AMB-1 is purely cultivated and is the most widely used strain in genetic and molecular 
techniques of MTB studies. In M. magneticum AMB-1, magnetosome-associated 
proteins are encoded in the four operons mamAB, mms6, mamGFCD, and mamXY (Fig. 
1-2). The set of mam genes in the mamAB operon encoded essential and sufficient 
proteins for magnetosome formation (20, 21), while the mms6, mamGFCD, and mamXY 
operons encoded proteins have additive functions for synthesizing magnetite. The 
deletion of mamAB operon resulted to completely abolish the magnetic particles’ 




mms6, mamGFCD, and mamXY operons, could synthesize the magnetic particles with 
severe defects in morphology and size of magnetite crystals (20, 21). 
One of the most abundant proteins in magnetosome is MamA, which is encoded 
in mamAB operon. MamA is the first protein which is identified from the purified 
magnetosomes, and determined amino acid sequence in 1996 by Okuda et al. (22). 
MamA is conserved in the MAI of all known MTB (23). Recently, the detailed 
localization of MamA in the magnetosome structure has been studied. Even though 
MamA is a soluble cytoplasmic protein, previous studies using transmission electron 
microscopy (TEM) (24) and atomic force microscopy (AFM) (25) clearly demonstrated 
that MamA localizes in the magnetosome matrix, a proteinaceous layer surrounding 
magnetosome vesicles, of Magnetospirillum species (Fig. 1-3). That localization of 
MamA in magnetosome provides the knowledges to the function of MamA in 
magnetosome formation. Two different functions of MamA have been proposed 
independently based on two different approaches. One approach used a mamA deletion 
mutant in M. magneticum AMB-1, which showed no effect on membrane invagination 
or magnetosome chain alignment (26). These results, combined with the knowledge that 
most magnetosome vesicles are empty, suggested that MamA appears to function in 
activating or priming preformed magnetosomes for biomineralization (26). On the other 
hand, Yamamoto et al. used the AFM to observe chains of magnetosomes with and 
without MamA and proposed that MamA is anchored to the magnetosome membrane 
and may stabilize the magnetosome chain (25).  
The primary structure of MamA consists of five tetratricopeptide repeat (TPR) 
motifs and one putative TPR motif (27) (Fig. 1-4A). TPR motif is well-known module 




interactions (28). A single TPR motif adopts a helix-turn-helix fold (Fig. 1-4B). 
Generally, TPR proteins contain multiple TPR motifs, which provide a super-helix 
structure to the protein structure. The super-helix structure yields a pair of concave and 
convex curved surfaces that function as binding sites for protein-protein interactions to 
form multiprotein complexes (Fig. 1-4C) (28, 29). Recently, the X-ray crystal structures 
of MamA from M. magneticum AMB-1 (30), M. gryphiswaldense MSR-1 (30), 
Candidatus Magnetobacterium bavaricum (31), and Desulfovibrio magneticus RS-1 
(32) have been determined. The MamA’s five TPR motifs packed into the super-helix 
structure (Fig. 1-4D). According to electrostatic potential calculation, MamA from M. 
magneticum AMB-1 showed the positive charged concave surface and the negative 
charged convex surface, which possibly mediate the protein-protein interaction (Fig. 
1-4C) (30). In addition, Zeytuni et al. demonstrated that the N-terminal putative TPR 
motif functions in homo-oligomerization of MamA (30). The deletion of the putative 
TPR motif leaded to the disruption of MamA oligomer (~500-kDa) into the monomer 
(24-kDa). Taken these results together, Zeytuni et al. proposed that MamA contains at 
least three protein binding sites, a putative TPR binding site, a concave binding site, and 
a convex binding site (30). However, the identity of the protein that interacts with 
MamA remained undetermined. In this study, I study on the protein-protein interaction 
between MamA and other magnetosome-associated proteins.  
The goal of this study is to identify the MamA binding partner in magnetosome. 
The soluble MamA proteins need to bind to other magnetosome proteins in order to 
anchor in magnetosomes (Fig. 1-5). The interaction between MamA and other 
magnetosome-associated proteins provide a clue to answer the question of how MamA 




magnetosome can contribute to further understanding of the protein organization in the 
magnetosome, and can shed a light into understanding the functions 
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Figure 1-1. (Top) Transmission electron micrograph of Magnetospirillum magneticum 
AMB-1. (Bottom) Model for magnetosome formation. First, the magnetosome membrane 
is derived by the invagination of inner membrane. Second, individual vesicles are 
assembled into a chain. Third, iron ions are transferred into the magnetosome vesicles 
from cytoplasm using magnetosome specific iron transporters (14), then magnetite 






Figure 1-2. (A) Circular representation of the 4967148-bp genome of Magnetospirillum 
sp. AMB-1 and other magnetic bacteria (Fukuda et al. (15)). The red box of genomic 
island indicates the 98-kb magnetosome island (994,000–1,099,000 bp in the AMB-1 
genome). (B) Schematic view of magnetosome-associated proteins which are encoded 
within a magnetosome island of M. magneticum AMB-1. The genes encoding 
magnetosome associated proteins are involved in the four gene operons mms6, 
mamGFDC, mamAB and mamXY.  
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Figure 1-3. Spatial localization of MamA in the magnetosomes. (A) Schematic drawing 
of magnetosome. The individual magnetite crystal is surrounded by an organic layer 
(25). Magnetosomal matrix is a proteinaceous layer surrounding magnetosome vesicles. 
(B) Transmission electron micrograph of purified magnetosomes which were labelled 
with immunogold. Purified magnetosomes were incubated with polyclonal anti-MamA 
antibodies, followed by incubation with 15 nm gold-conjugated goat anti-rabbit IgG. 
Gold particles represented MamA (open arrowheads) localized on magnetosome matrix, 
indicating the localization of MamA (Taoka et al. (24)). (C) Atomic force micrographs 
of immune-labeled magnetosomes. (Top) Schematic drawing for the method of 
immuno-labelled magnetosomes. The purified magnetosome was incubated with 
polyclonal anti-MamA antibody or pre-immuno serum. (Bottom, left) MamA antibodies 
bound to magnetosomes. The dimension of magnetosomes increases in consistent with 
the diameter of antibody, indicating MamA located at the magnetosomes matrix. 
(Bottom, right) Pre-immuno serum which has no significant affinity for MamA cannot 







Figure 1-4. (A) The primary structure of MamA. MamA consists of five TPR motifs and one putative 
TPR motif as previous described by Okuda et al. (27). (B) Schematic drawing of single TPR motif. 
The single TPR motif structure is helix-turn-helix. (C) Ribbon structure of multiple TPR motifs, e.g. 8 
individual TPR motifs, show the concave and convex surfaces (29). (D) Ribbon structure of 
MamA41 (without the putative TPR) monomer showed that 5 TPR motifs of MamA yields concave 
and convex surfaces. According to electrostatic potential calculation, the concave surface is positive 
charged and the convex surface is negative charged as described by Zeytuni et al. (30, 31). 
P-TPR: putative TPR                        TPR: tetratricopeptide repeat motif 
1 12 46 80 114 148 182 216aa 
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Figure 1-5. Model of the protein-protein interaction between MamA and other magnetosome 
associated proteins in magnetosomes. It has been proposed that MamA contains at least three 
protein binding sites, a putative TPR binding site, a concave binding site, and a convex binding 
site (30). The speculation is that the putative TPR motifs bind to the concave sites of other 
MamA monomers to form a homo-oligomer. The other site could bind other 
magnetosome-associated proteins because the soluble MamA proteins need to bind to other 
magnetosome proteins in order to anchor in magnetosomes. The goal of this study is to identify 
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Even though MamA crystal structures have been determined, the function of 
protein-protein interaction of MamA still remains enigmatic. Previously, Taoka et al. 
reported that when the purified magnetosomes were treated with the alkaline buffer 
(CAPS-NaOH, pH 11.0), MamA was specifically removed from the magnetosomes, 
giving the MamA-eliminated magnetosomes (1). Interestingly, when the alkaline-treated 
magnetosomes were incubated with recombinant purified MamA, MamA localized 
around that magnetosomes. This result indicated that MamA binding partners exist in 
alkaline-treated magnetosomes and attached MamA.  
According to this finding, Suzuki et al. has screened the MamA binding proteins 
from the protein extract of the MamA eliminated magnetosomes by the 
alkaline-treatments (2). First, Suzuki et al. prepared the MamA-affinity chromatography 
column by immobilizing the purified His-tag MamA to the CNBr-activated Sepharose 
resin (GE Healthcare). After, the extract of MamA-eliminated magnetosome proteins 
from Magnetospirillum magneticum AMB-1was subjected to the column. The proteins 
absorbed on the column were eluted with the alkaline buffer. Finally, the eluted proteins 
were concentrated and identified by mass spectrometry. Figure 2-1 shows the list of the 
identified proteins. Five candidates of MamA binding proteins, methyl-accepting 
chemotaxis protein (amb1418), hypothetical protein (amb3421), porin (amb0025), ATP 
synthase epsilon chain (amb4138) and Mms6 (amb0956), were identified from M. 
magneticum AMB-1. Only Mms6 was the magnetosome-associated protein in the 
candidates of MamA binding proteins (Fig. 2-1). 




MamA, therefore I focused on interaction between MamA and Mms6. Mms6, one of the 
well-studied magnetosome-associsted proteins, is encoded in mms6 operon which 
involved in biomineralizing magnetite crystals in Magnetospirillum species. Arakaki et 
al. identified Mms6 as a 6.0-kDa mature protein consisting of 59 amino acids, however 
the mms6 gene sequence shows that the full-length of the Mms6 protein is 133 amino 
acids (3). The 6.0-kDa Mms6 protein is tightly bound to magnetite crystals and is 
involved in the biomineralization of cubo-octahedral magnetite crystals both in vitro (3, 
4) and in vivo (5-7). An mms6 deletion mutant was shown to synthesize smaller 
magnetite crystals with abnormal crystal morphologies, despite showing no effect on the 
structure of magnetosome vesicles (5, 6).  
In this study, I proved the protein-protein interaction between two magnetosome 
constructing proteins, MamA and Mms6, by using immuno-precipitation, pull-down and 
size-exclusion chromatography experiments. In addition to this, I found that two 
different types of Mms6 exist in the magnetosome membrane, a 14.5-kDa and 6.0-kDa 
version. This study, for the first time, showed the presence of two types of Mms6 in the 
magnetotosome. Also, the Mms6
1-133








Materials and Methods 
 
Microorganisms and cultures.  
Bacterial strains and plasmids are listed in Table 2-1. M. magneticum AMB-1 
(ATCC 700264) was cultured in a modified magnetic spirillum growth medium (MSGS) 
(Table 2-2) under an O2 (1%) – N2 (99%) atmosphere at 28˚C in the dark as previous 
described (8). 
Escherichia coli strain XL-1 Blue MRF’ was cultivated in LB broth (9) at 37˚C 
and was used for cloning study. Strain BL21(DE3) was cultivated at 30˚C and used for 
protein expression. When necessary, the antibiotics kanamycin (20 µg/ml) or ampicillin 
(100 µg/ml) were added to the E. coli cultures.  
 
Magnetosome purification. 
 Magnetosome purification was performed as previous described with some 
modifications (1). The frozen cells (20 g wet weight) were thawed out and suspended in 
100 ml of 10 mM Tris-HCl buffer (pH 8.0). Cells then were disrupted by passing 
through a French press (1,000 kg f/cm
2
) three times and the pellet was collected by 
centrifuging at 8,000 × g for 15 min. The pellet was suspended in 10 mM Tris-HCl 
buffer (pH 8.0) and the suspension was placed on bar magnets for 5 h. The nonmagnetic 
fluid was removed by aspiration. The magnetosomes attracted to magnets were 
resuspended in 10 mM Tris-HCl buffer and this step was repeated at least 10 times. 
Finally, the purified magnetosomes were collected by centrifugation 8,000 × g for 15 
min. The purified magnetosomes were suspended in 10 mM Tris-HCl buffer (pH 8.0) 





Preparation of cellular components. 
 After disrupting AMB-1 cells as described above, the magnetosomes and cell 
debris were precipitated by centrifugation at 8,000 × g for 15 min. The obtained 
supernatant was ultra-centrifuged at 100,000 × g for 1 h and the supernatant and the 
pellet was used as the soluble fraction and the membrane fraction, respectively. Besides, 
magnetosomes were purified from the pellet as described above. For SDS-PAGE and 
immunoblot analyses, the proteins were extracted from the membrane fraction and the 
magnetosome fraction by incubation with 2% SDS at 37˚C for 1 h.  
 
Expression and purification of Mms6 proteins.  
Primer sequences are shown in Table 2-3. For C-terminal His-tagged 
full-length Mms6 expression, the plasmid pET29b-mms6
1-133
 was constructed by 




accession number: AB096081) 
fragment into the NdeI/KpnI sites of pET-29b (Merck-Millipore). The plasmid 
pET29b-mms6
1-133
-a was constructed in this study using a primer set (FW-mms6-a and 
RV-mms6-a) to remove the linker sequence between thrombin site and His-tag (Fig. 
2-2). The plasmid DNA fragment was amplified by PCR. The PCR product was ligated 
and transformed into E. coli XL-1 Blue MRF’. The recombinant plasmids obtained from 
E. coli XL-1 Blue MRF’ were then sequenced (Eurofins Genomics). The 
pET29b-mms6
1-133
-a was also used as the template to create the pET29b-mms6
75-133
. 
The recombinant plasmid pET29b-mms6
75-133
 was ligated, transformed into E. coli 
XL-1 Blue MRF’ and then was sequenced. After, pET29b-mms675-133 was introduce into 
E. coli strain BL21(DE3) for the expression of Mms6
75-133




For protein expression, E. coli strain BL21(DE3) containing these recombinant 
plasmids were grown at 30˚C until an A600 nm of ~0.6, and then induced by 1 mM (final 
concentration) of isopropyl-β-D-thiogalactopyranoside (IPTG) for 7 h in a jar fermenter. 
The cells were then harvested by centrifuging at 8,000 × g for 15 min.  
 To purify recombinant Mms6
1-133





-His (expressed by pET-mms6
75-133
), cells (~ 6.0 g wet weight) were 
suspended in 10 m Tris-HCl (pH 8.0) and disrupted using sonication (80 W for 15 min). 
The lysate was centrifuged at 8,000 × g for 15 min to remove the cell debris, and then 
the supernatant was ultra-centrifuged at 100,000 × g for 1 h to separate the membrane 
and the soluble fractions. The expressions of Mms6 proteins in membrane or soluble 





were localized in the membrane fractions. In order to solubilize the Mms6 proteins, ten 
kinds of commercially available detergents were tested for solubilization of Mms6 from 
the membrane fraction (Fig. 2-4). In this study, the CHAPS was selected to solubilize 
Mms6 proteins due to the high solubility of Mms6 proteins.  
 For purification of Mms6 proteins, the membrane fraction was suspended in 10 
mM Tris-HCl (pH 8.0) containing 2% CHAPS and 200 mM NaCl, and then incubated at 
4˚C for 2 h to solubilize the Mms6 proteins. The solubilized fraction was harvested by 
ultracentrifugation (100,000 × g for 1 h) and the supernatant was subjected to a Ni-NTA 
resin (QIAGEN) column equilibrated with 50 mM NaH2PO4 buffer (pH 8.0)containing 
10 mM imidazole, 0.2% CHAPS and 300 mM NaCl. After the column was washed with 
50 mM NaH2PO4 buffer (pH 8.0)containing 50 mM imidazole, 0.2% CHAPS and 300 
mM NaCl,the proteins bound to the column were eluted with 50 mM NaH2PO4 buffer 




protein fraction was dialyzed against 10 mM Tris-HCl (pH 8.0) containing 0.2% 
CHAPS. The purified proteins were analyzed by SDS-PAGE (Fig. 2-5). 
 
Purification of MamA 
Unlike Mms6 protein, N-terminal His-tagged MamA was expressed in the 
soluble fraction (10). The soluble fraction, derived from ultra-centrifuging the cell-free 
extract, was subjected to a Ni-NTA resin (QIAGEN) column equilibrated with 50 mM 
NaH2PO4 buffer (pH 8.0) containing 10 mM imidazole and 300 mM NaCl. The column 
unbound proteins were washed with 50 mM NaH2PO4 buffer (pH 8.0) containing 50 
mM imidazole, and 300 mM NaCl. The proteins absorbed to the column were eluted 
with 50 mM NaH2PO4 buffer (pH 8.0) containing 250 mM imidazole and 300 mM NaCl. 
The eluted MamA protein fraction was dialyzed against 10 mM Tris-HCl (pH 8.0) and 
used for protein-protein interaction experiments. 
 
Physical and chemical measurements.  
SDS-PAGE was performed using the method of Laemmli (11) and 
tricine-SDS-PAGE was performed as previous described (12) to separate the low 
molecular mass proteins. Comassive Brilliant Blue G-250 (Wako) was used as a gel- 
staining dye. The protein concentration was determined using a BCA Protein Assay Kit 
(Thermo Fisher Scientific). UV-VIS spectrophotometer (UV-2550, Shimadzu) was used 
to measure the absorbance of chemical substance to the light.  
 
Immunoblotting analyses.  
Anti-Mms6
1-133






-His. Immunoreactivity of anti-Mms6
1-133
 and anti-MamA 
antibodies (10) was detected at dilutions of 1:50,000 for each. Goat anti-Rabbit IgG 
conjugated to horseradish peroxidase (GE Healthcare Bioscience) was diluted 1:10,000 
using the Pierce Western Blotting Substrate Plus (Thermo Fisher Scientific). The 
chemifluoresence data were collected using a Luminescent Image Analyzer, LAS 3000 
(Fujifilm) and the band intensities were quantified using Multi Gauge software v. 2.2 
(Fujifilm). The protein weights of the 14.5-kDa Mms6 and 6.0-kDa Mms6 from the 
purified magnetosomes were calculated according to the relative intensities for equal 
weights of these two protein bands in the immunoblot. The relative intensities for the 
14.5-kDa Mms6 (Mms6
1-133
) and 6.0-kDa Mms6 (Mms6
75-133
) protein bands were 
calculated from the immunoblotting profiles of the two purified proteins, 0.1 µg 
Mms6
1-133




 polyclonal antibodies 
(Fig. 2-6).  
 
Immunoprecipitation assay  
The immunoprecipitation assay was performed as previous described (13) with 
some modification. A 200 µl mixture containing 2 µM His-MamA and 1 µM 
Mms6
1-133
-His was incubated at 28˚C for 1 h. After incubation, 2 µl of 
anti-Mms6
1-133
-antibody, anti-MamA antibody or normal serum were added to the 
mixture and incubated for 1 h. A slurry of protein A-Sepharose resin (GE Healthcare 
Bioscience) was added, and the proteins that co-precipitated with the protein 
A-Sepharose resin were analyzed by SDS-PAGE. 
 




Pull-down assay is similar to the immunoprecipitation assay, except that a ‘bait’ 
protein is used to precipitate the protein-protein interaction instead of an antibody. Prior 
to performing the pull-down assay, the N-terminal poly-His of MamA was removed by 
using the Biotinylated Thrombin Kit (Novagen) (Fig. 2-7A). The solution of the 4 µM 
Mms6
1-133
-His, was incubated with 3 µM MamA at 25˚C for 1 h. Afterwards, 15 µl of 
Ni-NTA agarose resin (QIAGEN), which had been equilibrated with buffer (50 mM 
NaH2PO4 containing 10 mM imidazole and 300 mM NaCl pH 8.0) was added to the 
solution. The resin was then washed five times with 400 µl of the same buffer. The 
bound proteins were eluted with 15 µl of elution buffer (50 mM NaH2PO4 containing 
250 mM imidazole, and 300 mM NaCl pH 8.0) and the eluted proteins were analyzed 
by SDS-PAGE. In addition to this, the His-tag removed Mms6
1-133
 (Fig. 2-7B) was 
mixed with His-MamA and was precipitated with Ni-NTA agarose resin and the 
protein-protein interaction was analyzed by SDS-PAGE. 
 
Size-exclusion chromatography. 
Chromatography was performed at 4˚C in a high pressure liquid 
chromatography (HPLC) system (GE healthcare) using a Superose 6 Increase 10/300GL 
column equilibrated with 10 mM Tris-HCl (pH 8.0) containing 0.2% CHAPS and 200 
mM NaCl with a flow rate of 0.4 ml/min. Each fraction was collected at 1.25 min 
(0.5ml/fraction). Three markers were used, 669-kDa thyroglobulin (bovine thyroid), 
220-kDa -amylase (Ipomoea batatas), and 29-kDa carbonic anhydrase (bovine 
erythrocytes). For protein-protein interaction, a sample containing two proteins 
His-MamA (91 g) and Mms61-133-His (116 g) was incubated for 1 hour at room 









Results and Discussion 
 
Expression and purification of full-length Mms6
1-133
 and truncated mutant Mms6
75-133
 
 The screening of MamA binding proteins by using the affinity chromatography 
showed that the 14.5-kDa Mms6 is one of the binding candidates (Fig. 2-1). Previous to 
this result, Mms6 protein is known as a 6.0-kDa peptide that is associated with 
magnetite crystals and controls the size and morphology of crystals (3-7). Arakaki et al. 
(3) identified Mms6 as a 6.0-kDa mature protein consisting of 59 amino acids (from a. a. 
75 to 133), but the mms6 gene sequence shows that the full-length Mms6 protein is 133 
amino acids (deduced a 14.5-kDa peptide) (Fig. 2-2).  
In this study, I prepared the purified Mms6
1-133
 (14.5-kDa version of Mms6) 
and Mms6
75-133 
(6.0-kDa version of Mms6) proteins, and anti-Mms6 polyclonal 
antibodies for research tools. The anti-Mms6 antibodies raised against the Mms6
1-133
 
peptide. Also, in order to study in vitro the interactions between MamA and Mms6, the 
full-length Mms6
1-133
 and truncated protein Mms6
75-133
 have been used.  
At first, to examine the expression of full-length Mms6
1-133
 and truncated 
Mms6
75-133





 contained putative transmembrane region from a. a. 89 to 111 
according to transmembrane prediction tool (TMHMM) (Fig. 2-2), therefore, they could 





 were expressed in membrane fractions (Fig. 2-3). To 
solubilize Mms6 proteins, ten kinds of commercially available detergents were tested to 
solubilize Mms6 proteins including ionic, non-ionic, and zwitterionic detergents (Fig. 




as SDS, can solubilize most of the transmembrane proteins, such strong detergents 
denature protein structures, preventing protein-protein interactions. Otherwise, CHAPS 
in solution containing 200 mM NaCl could extract many Mms6 proteins and could be 
used to examine the protein-protein interaction (Fig. 2-4). Therefore, CHAPS detergent 
was selected to solubilize recombinant Mms6 proteins entire of this study. As a result in 




, were highly purified 
from the membrane using Ni-NTA affinity chromatography. 
 
Presence of a 14.5-kDa Mms6 in magnetosomes.  
According to the MamA affinity chromatography, the 14.5-kDa Mms6 have 
been found in the eluted fraction. I confirmed the presence of the 14.5-kDa version of 
Mms6 in magnetosomes. To do this, the generated anti-Mms6
1-133
 polyclonal antibodies 
were used for the immunoblotting analysis of AMB-1 cellular fractions. I confirmed that 
the anti-Mms6
1-133





 (Fig. 2-6). I fractionated cellular proteins to the soluble 
proteins, the membrane proteins, and magnetosome proteins as described in Material 
and Methods. According to the immunoblotting analyses of the fractions, I found two 
positive bands that were specifically localized in the magnetosome fraction, one at 
14.5-kDa and another at 6.0-kDa (Fig. 2-8A). As a control experiment, I performed the 
immunoblotting with an excess amount of Mms6
1-133
 (antigen), confirming that the 
cross-reactions of these two bands, 6.0-kDa and 14.5-kDa, were specific (Fig. 2-8A). 
Using immunoblotting, I quantified the ratio of 14.5-kDa and 6.0-kDa Mms6 bands in 
the magnetosome extracts using two different preparation methods. Method 1: 




h and taking an aliquot every 30 min (the same method used by Arakaki et al. (3)) (Fig. 
2-8B). In each method, both types of Mms6 were detected, but are present in different 
amounts. I calculated the ratio of 14.5-kDa and 6.0 kDa Mms6 protein amounts from 
the intensities of the protein bands in the immunoblots. The signal intensity for the 
Mms6
1-133
 band was 23 times stronger than that for the Mms6
75-133
 band for an equal 
weight of proteins (Fig. 2-6). The ratios were 63% and 37% for 14.5-kDa Mms6 and 
6.0-kDa Mms6, respectively for method 1; and 38% and 62% for 14.5-kDa Mms6 and 
6.0-kDa Mms6, respectively for method 2 (Fig. 2-8C). This result showed, for the first 
time, that two different sizes of peptides of Mms6 exist in the magnetosome, and they 
are present in different amounts depending on the method of preparation.  
 
The interaction between MamA and 14.5-kDa Mms6.  
I confirmed the protein-protein interaction between MamA and 14.5-kDa 
Mms6 (Mms6
1-133
) by immunoprecipitation and pull-down assay (Fig. 2-9). 
Immunoprecipitation was performed using His-tagged Mms6
1-133
 and His-tagged 
MamA, and two different antibodies, anti-MamA and anti-Mms6
1-133
, in different 
combinations to prove the binding between the two peptides (Fig. 2-9A). This 
demonstrated that Mms6
1-133
 co-precipitated with MamA (Fig. 2-9A). In the control 
experiment, there was no interaction (Fig. 2-9A). Additionally, the Ni-NTA pull-down 
assay designed to test the specific interaction between MamA and Mms6
1-133
 
demonstrated that they did co-precipitate (Fig. 2-9B). I also confirmed the interaction 
between MamA and Mms6
1-133
 using size-exclusion chromatography (SEC). When I 
applied MamA and Mms6
1-133
 individually to SEC, MamA (Fig. 2-10) and Mms6
1-133 






large oligomers with different molecular mass of ~500-kDa and >1,000-kDa, 
respectively. The results were consistent with previous studies which showed the 
oligomeric status of MamA and Mms6 (14, 15). Whereas, when I applied the mixture of 
MamA and Mms6
1-133
 to the column they were eluted in the same fractions at near the 
void volume of the column (Fig. 2-12), indicating that both proteins interacted. In this 
chapter, I determined the interaction between MamA and 14.5-kDa Mms6 by 
immunoprecipitation, pull-down, and size-exclusion chromatography.  
This chapter clarifies the function of MamA in protein-protein interaction. 
Even though the results in this chapter clearly indicated that MamA interacts with 
Mms6, many questions remain to the detail of this protein-protein interaction. For 
example, which does Mms6’s region involve in the binding to MamA? Does MamA 
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(13) MamA 24.0 Yes
1
12.5 
Figure 2-1. SDS-PAGE gel profile of proteins eluted from the His-MamA column and their 
apparent molecular masses (2). Protein extract from MamA-eliminated magnetosomes was 
applied to the column and the proteins binding to column were eluted by alkaline buffer; lane 
M, protein markers (Precision Plus protein standards; Bio-Rad); lane 1, eluted proteins. The 
eluted fractions were concentrated approximately 200 times for SDS-PAGE. These 13 bands 
were analyzed using tandem mass spectrometry and identified. Bands 2, 4, and 6 were proteins 
belonging to E. coli; bands 1, 3, 5, and 12 were proteins belonging to M. magneticum AMB-1; 
and bands 7-11, and 13 were recombinant MamA proteins. Only two of the bands were 
identified as magnetosome associated proteins, Mms6 and MamA. The gel was stained with 






MGEMEREGAA AKAGAAKTGA AKTGTVAKTG IAAKTGVATA
VAAPAAPANV AAAQGAGTKV ALGAGKAAAG AKVVGGTIWT
GKGLGLGL MKSRDIESA
QSDEEVELRD ALA





Figure 2-2. (A) The primary sequence of full length Mms6. Transmembrane region is showed 
in bold. Transmembrane region has been predicted using TMHMM 
(http://www.cbs.dtu.dk/services/TMHMM/). The arrowhead marked the 6-kDa Mms6 
polypeptide. (B) Schematic drawing of primary structures of recombinant Mms6 proteins used 
in this chapter. Mms6
1-133
 is the 14.5-kDa peptide, and Mms6
75-133
 is the 6.0-kDa peptide. 
GTLVPRGSMAISDPNSSSVDKLAAALEHHHHHH









































Figure 2-3. Analyses of Mms6 proteins’ expressions. (A) SDS-PAGE gel profiles of 
Mms6
1-133
-His and (B) Tricine-SDS-PAGE gel profiles of Mms6
75-133
-His. Lane M is 
protein markers (Precision Plus protein standards; Bio-Rad); lane S is soluble fraction; lane 
ME is membrane fraction. For SDS-PAGE analyses, the proteins were extracted from the 
membrane fraction by incubation with 2% SDS at 37˚C for 1 h. Both Mms61-133-His and 
Mms6
75-133
-His were expressed in the membrane fractions. The arrowheads indicated 






Figure 2-4. SDS-PAGE gel profiles of solubilized Mms6 from E. coli membrane fractions by ten kinds of 
detergents as follows:  
D1: Sodium Deoxylcholate D6: MEGA 10   a: solubilized fraction 
D2: Sodium Cholate  D7: Triton X-100  b: insolubilized fraction 
D3: Nodide P40   D8: Sucrose monocaprate  c: solubilized frac. (200mM NaCl) 
D4: N-laurylsarcosin  D9: n-Octyl-ß-D-glucose  d: insolubilized frac. (200mM NaCl) 
D5: CHAPS   D10: n-Octyl-ß-D-thioglucose 
The arrows indicate the Mms6
1-133
 protein bands.  
* 
Note that the detergent CHAPS (D5) containing 200 mM NaCl was used to solubilized membrane proteins 
in this study. 



























   
Figure 2-5. Purification of Mms6 proteins using Ni
2+
 affinity chromatography. 





, were purified from the membrane fractions. The 
arrowheads indicated purified Mms6 proteins. The gels were stained with Coomassie 
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Figure 2-6. (A) The two different recombinant Mms6 peptides, Mms6
1-133
-His (0.1g) and 
Mms6
75-133
-His (0.9 g) were definitively resolved on the gel (arrowheads). (B) The immunoblot of 
the samples in panel A using anti-Mms6
1-133
 antibodies. The five independent immunoblots were 
used to determine the relative intensity of two different peptides. (C) Table showing the relative 
intensity between the full length Mms6 peptide Mms6
1-133
-His and the shorter Mms6
75-133
-His. The 
relative intensity was determined from Multi Gauge software v. 2.2 (Fujifilm) and the shorter 
peptide was normalized to 1. The relative intensity was divided by the amount of protein used and 
the longer peptide, Mms6
1-133
-His, was found to be present 23X more relative to the shorter peptide, 
Mms6
75-133
-His. The gels were tricine gels stained with Coomassie Brilliant Blue G-250 and the 
marker is indicated on the left side of the gels (Precision Plus protein standards; Bio-Rad). 
* The relative intensity of Mms6
75-133












Figure 2-7. SDS-PAGE gel profiles of thrombin cleavage assays. (A) The N-terminal 
poly-His of MamA was removed by the reaction with different concentrations of 
Biotinylated Thrombin (U/l) (Novagen) for 16 h at 4˚C. (B) The C-terminal poly-His of 
Mms6
1-133
 was removed by the reaction with different concentrations of Biotinylated 
Thrombin (U/l) (Novagen) for 16 h at room temperature. Reaction mixtures were removed 
the Biotinylated Thrombin by using Streptavidin Agarose. The His-tag removed proteins 







































Figure 2-8. (A) Immunoblotting of M. magneticum AMB-1 extracts labeled with anti-Mms6
1-133
 
polyclonal antibodies [left]. Two different Mms6 bands are evident, one at 14.5-kDa (arrow) and 
the other at 6.0-kDa (arrowhead). In the control experiment, the immunoblotting was carried out 
with an excess amount of Mms6
1-133
 antigen. In the control, the 14.5-kDa and 6.0-kDa bands 
were not detected [right]. S: soluble fraction; M: membrane fraction; MA: magnetosome 
fraction. (B) Two methods were used to extract Mms6 from the magnetosomes and then 
analyzed using immunoblotting. Method I used 2% SDS at 37˚C for 1 h to extract. Method II 
was performed by Arakaki et al. (3) which extracted Mms6 by boiling magnetosomes in 1% 
SDS for 1.5 h with three aliquots taken every 30 min as lane 1, 2, and 3. Both two methods 
detected two types of Mms6 proteins. (C) Graph indicates the ratio of Mms6 protein amounts 
represented in magnetosomes according two methods of protein extraction. Different Mms6 
proteins’ ratios were calculated from the intensities of the protein bands 14.5-kDa and 6.0-kDa 
from three independent blots. The grey bars indicate 14.5-kDa Mms6 and the open bars indicate 
















































































































































Figure 2-9. (A) SDS-PAGE analyses of the immunoprecipitation assays. A mixture containing 
His-MamA and Mms6
1-133
-His was precipitated with anti-MamA (left) or anti-Mms6
1-133
 (right) 
antibodies and clearly show that Mms6 (arrow) co-precipitates with MamA (arrowhead). When 
normal serum was used, there was no band for either MamA or Mms6 (right lanes). (B) 
SDS-PAGE analyses of the Ni-NTA agarose pull-down assay. The arrows indicated the 
His-MamA and the His-tag removed MamA protein bands; the arrowheads indicated the 
Mms6
1-133
-His and His-tag removed Mms6
1-133
 protein bands. Both the immunoprecipitation 
and pull-down assays confirm the interaction between MamA and Mms6
1-133
. The molecular 
mass standards (Precision Plus protein standards; Bio-Rad) are indicated on the left side of the 


















































Figure 2-10. (A) Elution profile and (B) SDS-PAGE gel profile of His-MamA sample from 
size exclusion chromatography. MamA was eluted with molecular mass ~500.0-kDa, indicating 
that MamA forms oligomer. The bottom parts in SDS-PAGE profiles indicated the presence of 
proteins in eluted fractions. Three markers were used, 669-kDa thyroglobulin (bovine thyroid), 


















































Figure 2-11. (A) Elution profile and (B) SDS-PAGE gel profile of Mms6
1-133
-His sample 
from size exclusion chromatography. Mms6
1-133
 forms larger oligomer with molecular mass 
>1,000-kDa. The bottom parts in SDS-PAGE profiles indicated the presence of proteins in 
eluted fractions. Three markers were used, 669-kDa thyroglobulin (bovine thyroid), 220-kDa 





Figure 2-12. Analysis of MamA and Mms6
1-133
 interaction by size-exclusion (Superose 6) 
chromatography. (A) The elution profile and (B) SDS-PAGE gel profile of MamA-Mms6
1-133 
mixture. His-MamA and Mms6
1-133
-His were eluted at the same factions, indicating the 
interaction between His-MamA and Mms6
1-133
-His. The bottom parts in SDS-PAGE profiles 
indicated the presence of proteins in eluted fractions. Three markers were used, 669-kDa 
thyroglobulin (bovine thyroid), 220-kDa -amylase (Ipomoea batatas), and 29-kDa carbonic 
















































Table 2-1. Bacterial strains and plasmids used in this study 
 
Strains and plasmids Description 
Source or 
reference 
Strains   
M. magneticum AMB-1 
 








endA1 supE44 thi-1 recA1 gryA96 relA1 lac 
[F’, proAB, laqIqZM15, Tn10(TetR)] 
 





























, His (C-term), S-tag (N-term) 
 































Table 2-2. Composition of chemically defined medium (MSGM) for cultivation of 
Magnetospirillum magneticum AMB-1 
 
MSGM  
Distilled water 1L 
Wolfe’s Vitamin Solution (see below) 10.0 ml 
Wolfe’s Mineral Solution (see below) 5.0 ml 
Ferric Quinate Solution (see below) 2.0 ml 
0.135% Resazunin 0.34 ml 
KH2PO4  0.68 g 
NaNO3 0.12g 
Ascorbic acid 0.035 g 
Tartaric acid 0.37 g 
Succinic acid 0.37 g 
Sodium acetate 0.082 g 
The pH of medium was adjusted to be 6.75 using NaOH 
Wolfe’s Vitamin Solution  
Biotin 2.0 mg 
Folic acid 2.0 mg 
Pyridoxin HCl 10.0 g 
Thiamine HCl 5.0 mg 
Riboflavin 5.0 mg 
Calcium D-(+)-pantothenate 5.0 mg 
Nicotinic acid 5.0 mg 
Cyanocobalamin 0.1 mg 
p-Aminobenzoic acid 5.0 mg 
Thioctic acid 5.0 mg 
Distilled water 1 L 
Wolfe’s Mineral Solution  
Nitrilotriacetic acid 1.5 g 
MgSO4 7H2O 3.0 g 
MnSO4 H2O 0.5 g 
NaCl 1.0 g 




CoCl2 6 H2O 0.1 g 
CaCl2 0.1 g 
ZnSO4 7H2O 0.1 g 
CuSO4 5H2O 0.01 g 
AIK(SO4)2 12H2O 0.01 g 
H3BO3 0.01g 
Na2MoO4 2H2O 0.01 g 
Na2SiO3 4.88 mg 
Distilled water 1 L 
Add nitrilotriacetic acid was dissolved in approximately 50 ml of water and pH was adjusted to be 6.5 
with KOH to dissolve the compound. 
Ferric Quinate Solution  
FeCl3 0.27 g 
Quinic acid 0.19 g 
Distilled water 100 ml 




          
   
     
     
     







Table 2-3. Primers used in this study. 
 
Primer name Sequence (5’-3’) 
FW -mms6-a 5’-CACCACCACCACCACCACTGAG-3’ 
RV -mms6-a 5’-GGAACCGCGTGGCACCAGGGTACC-3’ 
FW-mms6 75-133 5’-GGTGAACCATCTGGACCGG-3’ 






















Identification of the MamA binding site 






The study on protein-protein interactions is becoming important to understand 
the molecular mechanism of complex biological processes (1). Related to magnetosome 
formation, magnetosome-associated proteins have been intensely studied to determine 
how they synthesize magnetic particles; however, the functions of many 
magnetosome-associated proteins remain unclear. Protein-protein interaction plays a 
key role in predicting the function of magnetosome associated proteins during the 
creating, maintaining, and positioning the magnetosome organelles. For example, 
MamK and MamJ, two magnetosome-associated proteins encoded in mamAB operon, 
were detected to interact together by two-hybrid system analyses (2-4). MamK, a 
cytoskeleton structure protein, mediated the chain formation of magnetosomes (5, 6). 
The chain alignment of magnetosomes in cell from pole to pole works as a compass 
needle to orient MTB along the geomagnetic field. Besides, MamJ, a magnetosome 
membrane protein, was shown to associate with the filamentous structure of 
magnetosome and the deletion of MamJ results in the scattering of magnetosomes in 
cytoplasm (7). That MamK-MamJ interaction is essential to maintain the chain 
assembly of magnetosome, which creates a large magnetic moment passively aligned to 
a geomagnetic field. 
In the chapter II, the protein-protein interaction of one well-known protein, 
TPR containing MamA, has been studied in vitro and I identified, for the first time, the 
MamA partner protein, Mms6, in magnetosome. Prior to this study, Mms6 was assumed 
to be only involved in magnetite biomineralization, however, my results suggested that 
Mms6 has an additional responsibility, binding to MamA. Besides, the result showed 




A question remains as to the interaction between MamA and the 6.0-kDa short version 
of Mms6 (Mms6
75-133
). Therefore, it is necessary to examine the MamA-Mms6
75-133
 
interaction and identify the MamA binding site in Mms6. The detailed protein-protein 
interaction between MamA and Mms6 will shed a light into understanding the function 
of these two magnetosome constructing proteins and the protein organization in 
magnetosomes.   
In this chapter, I performed the mutational dissection of Mms6 to identify the 
protein-protein interaction between truncated mutant Mms6 and MamA. Using 
size-exclusion chromatography, immunoprecipitation and pull-down experiments, I 
obtained the results that the transmembrane region of Mms6 play a role in 
self-interaction to form the large oligomer and the oligomerization of Mms6 is 





Materials and Methods 
 
Microorganisms and cultures.  
Bacterial strains and plasmids are listed in Table 3-1. Escherichia coli strains 
XL-1 Blue MRF’ was used for cloning study and BL21(DE3) was used for protein 
expression. Prior to E. coli injection, the antibiotics kanamycin (20 µg/ml) was added to 
the medium.  
 
Expression and purification of Mms6 proteins.  
Primer sequences are shown in Table 3-2. The pET29b-mms6
1-133
-a was used 





(Fig. 3-1) with similar process described in Chapter II. For protein expression, E. coli 
strain BL21(DE3) containing these recombinant plasmids were grown at 30˚C until an 
A600 nm of ~0.6, and then induced by 1 mM (final concentration) of 
isopropyl-β-D-thiogalactopyranoside (IPTG) for 7 hours. The cells were then harvested 
by centrifuging at 8,000 × g for 15 minutes. Proteins expressed in E. coli were analyzed 
by SDS-PAGE of cellular fractions. 
 The recombinant Mms6
1-111
-His was purified as similar way to the purification 
of Mms6
1-133
 as described in chapter II. Mms6
1-88
-His was expressed in the soluble 
fraction (Fig. 3-2). Therefore, when the soluble protein fraction is derived after 
ultra-centrifuging the cell-free extract, the soluble proteins was subjected to a Ni-NTA 
resin (QIAGEN) column. The proteins bound to the column were eluted with 50 mM 
NaH2PO4 buffer (pH 8.0) containing 250 mM imidazole and 300 mM NaCl. The eluted 
protein fraction was dialyzed against 10 mM Tris-HCl (pH 8.0) containing 0.2% 





Physical and chemical measurements.  
All of chemical and physical measurements in used in this study were similar 
to that described in previous chapter. In addition, His-tagged protein bands were 
visualized using InVision His-Tag In-Gel Stain (Thermo Fisher Scientific).  
 
Size-exclusion chromatography. 
Chromatography was performed as previous described in Chapter II using a 
Superose 6 Increase 10/300GL column. Each of protein samples, Mms6
1-111
-His (88 g), 
Mms6
75-133
 (20 g), Mms61-88 (112 g), was applied into the column. For 







, or cytochrome a1-like hemoprotein 
(control) was incubated for 1 hour at room temperature. All samples were centrifuged at 
20,000 × g for 10 minutes prior to being injected into the column. Three markers were 
used, 669-kDa thyroglobulin (bovine thyroid), 220-kDa -amylase (Ipomoea batatas), 
and 29-kDa carbonic anhydrase (bovine erythrocytes). 
 
Immunoprecipitation assay  
The immunoprecipitation assay was performed as described in Chapter II with 
slight modification. A 200 µl mixture, containing 2 µM His-MamA and 2 µM of each of 







incubated at 28˚C for 1 h. After incubation, 2 µl of the anti-MamA antibody or the 
normal serum were added to the mixture and incubated for 1 h. Slurry of protein 




co-precipitated with the protein A-Sepharose resin were analyzed by SDS-PAGE. 
 
Pull-down assay  
The poly-His removed MamA obtained as described in Chapter II was used to 
incubate with Mms6
1-111
-His and with Mms6
1-88
-His. The 50 l mixtures of 10 M 
MamA and 10 M of each truncated Mms6 proteins were incubated at room 
temperature for 1 h. Mixtures were added to 15 µl of Ni-NTA agarose resin (QIAGEN), 
which had been equilibrated with buffer (50 mM NaH2PO4 containing 10 mM imidazole 
and 300 mM NaCl pH 8.0) and incubate for 1 h. The resin was then washed five times 
with 400 µl of the same buffer. The bound proteins were eluted with 15 µl of elution 
buffer (50 mM NaH2PO4 containing 250 mM imidazole, and 300 mM NaCl pH 8.0) 
and the eluted proteins were analyzed by SDS-PAGE. In addition to this, the His-tag 
removed Mms6
75-133
 (Fig. 3-3) was mixed with His-MamA and was precipitated with 






Results and Discussion 
 
Expression, purification and characterization of Mms6 truncated mutants. 
I expressed the Mms6
1-111
, which is lacked the C-terminal acidic region, and 
Mms6
1-88
, which is lacked the putative transmembrane region and the C-terminal acidic 
region, in E. coli (Fig. 3-1). To examine the protein expression, the protein profiles of 
the soluble fractions and the membrane fractions were analyzed by SDS-PAGE (Fig. 





-His, respectively, were highly expressed but in the different fractions. 
Mms6
1-111
 was expressed in the membrane fraction, whereas Mms6
1-88
 was expressed in 
the soluble fraction (Fig. 3-2). The result indicated that the Mms6 is a membrane protein 
with a single transmembrane helix at a. a. 89 to 111 and the N-terminal domain (a. a. 1 




 were purified by Ni
2+ 
affinity 
chromatography from the membrane fraction and from the soluble fraction, respectively, 
as described in Materials and Methods (Fig. 3-4).  
In chapter II, the Mms6
1-133
 formed oligomer according to the size-exclusion 







proteins, I applied these Mms6 truncated proteins 
to SEC. The Mms6
1-111
, lacking the C-terminus but maintaining the transmembrane 
region, eluted with molecular mass over 1,000-kDa, indicating that Mms6
1-111
 forms the 
oligomer (Fig. 3-5). Also, Mms6
75-133
 formed the large oligomer with over 1,000-kDa 
(Fig. 3-6). In contrast, Mms6
1-88
, lacking the transmembrane region, did not form the 
large oligomer, and was eluted as a trimer with molecular mass approximate 30.0-kDa 
(Fig. 3-7). These results suggested that the transmembrane region (a. a. 89 to 111) is 




Previously, it was reported that the 6.0-kDa Mms6 (Mms6
75-133
) was 
self-assemble to form a large spherical micelle-like oligomer (8, 9). The N-terminal 
GL-repeat of Mms6
75-133
 helps form the micelle-like oligomer (9). The GL-repeat is 
located in the transmembrane region of Mms6. Therefore, my results were consistent 
with previous report and showed that the transmembrane region is necessary for 
self-oligomerization. 
 
Identification of MamA binding site in Mms6 







. After mixing and incubating 
MamA with each of Mms6 truncated mutants, the mixtures of protein samples were 
applied to SEC. According to SEC, the elution profile of MamA and Mms6
1-111
 mixture 
showed that two proteins were eluted in the same fraction, indicating the interaction 
between MamA oligomer and Mms6
1-111
 oligomer (Fig. 3-8). Also, Mms6
75-133
 oligomer 
interacted with MamA oligomer (Fig. 3-9). In contrast, the elution profile of 
MamA-Mms6
1-88
 mixture showed that Mms6
1-88
 and MamA were separately eluted 
from the column with molecular masses of ~30.0-kDa and ~500.0-kDa, respectively 
(Fig. 3-10). Mms6
1-88 
neither formed the large oligomer nor interacted with MamA. 
Furthermore, the results of the immunoprecipitation (Fig. 3-11) and pull down (Fig. 




 co-precipitated with MamA, 
indicating the interactions with MamA. On the other hand, Mms6
1-88
 did not interact 
with MamA (Fig. 3-11, 12).  
Both of MamA and Mms6 contain the hydrophobic regions. The N-terminal 




hydrophobic parts. Even though these results showed the interaction between MamA 
and Mms6, the question remains as to whether the interaction is due to the nonspecific 
hydrophobic binding. To reconcile this, I examined the interaction between MamA and 
a hydrophobic transmembrane protein, cytochrome a1-like hemoprotein purified from M. 
magnetotacticum MS-1 (11, 12) According to SEC, MamA and cytochrome a1-like 
hemoprotein were separately eluted, indicating no interactions (Fig. 3-13). Therefore, 
the interaction between MamA and Mms6 is not non-specific binding. Moreover, 
despite a number of hydrophobic magnetosome membrane proteins are contained in the 
magnetosome protein extracts, only Mms6 was identified as the 
magnetosome-associated protein among candidates of MamA binding partner by the 
MamA affinity chromatography. These results showed that MamA-Mms6 interaction is 
a specific interaction between magnetosome-associated proteins. 
 These results are giving the idea that the Mms6 transmembrane region interacts 
with MamA. However, this conflicts with the idea that the Mms6 transmembrane region 
is embedded in the lipid bilayer of magnetosome membrane. On the other hand, my 
results suggested that the transmembrane region is needed for oligomerization of Mms6. 
The oligomerization may be necessary to bind to MamA oligomer. It is possible that the 
oligomeric state of Mms6 provides an affinity surface which attaches MamA oligomer 
to magnetosome surface. It is likely that Mms6 oligomer may work as a scaffold in 
magnetosome membrane that help MamA localizes around magnetosome and function 
in magnetosome formation.   
 In this study, I propose a model for a MamA binding site in Mms6 oligomer 
(Fig. 3-14). Mms6 works as the factor to anchor MamA in magnetosomes. Two types of 
Mms6, 14.5-kDa Mms6 (Mms6
1-133
) and 6.0-kDa Mms6 (Mms6
75-133




magnetosome membrane in roughly equal amounts. The C-terminal part of Mms6 is 
within the magnetosome vesicle because the C-terminal region of Mms6 contains the 
putative iron binding site for magnetite synthesis (13, 14). The N-terminal cytosolic part 
of Mms6 is predicted to provide the binding site which attaches MamA. For the 
interaction with MamA, two regions of Mms6 are involved in such protein-protein 
interaction. First, the transmembrane regions are needed for Mms6 self-oligomerization. 
Second, after Mms6-oligomerization, the cytosolic regions with a. a. 75 to 88 seem to 
provide a binding site for the interaction with MamA oligomer to form the multiprotein 
complex in magnetosomes. 
Previously, MamA was shown to cover the outside of the magnetosome and to 
play a role in maintenance processes such as protein sorting or activating magnetosome 
vesicles (15, 16). My results suggest a direct interaction between MamA and Mms6. 
Because MamA homogenously surrounds the magnetosomes and are attached to Mms6, 
these proteins must also be homogenously spaced around the magnetosome as well. 
This homogeneous localization of Mms6, which controls the magnetite crystal shape, 
may affect the growth of the magnetite crystals. Therefore, in cells with the mamA gene 
deleted, the magnetite crystals may be altered. This may account for the results shown 
by Komeili et al. (16) who demonstrated that mamA AMB-1 cells contained fewer 
crystals in the magnetosomes vesicles.  
 There are at least 30 proteins associated with the magnetosome, one of which 
is MamA, a key protein for the process of constructing the organelle. By proving the 
fact that Mms6 interacts with MamA, I found a major piece of the puzzle, which allows 
other researchers to continue the work on MamA and other magnetosome-associated 




protein-protein in magnetosome has been found in this study. This study inspires further 
studies into the protein-protein interactions in magnetosome to more understand the 
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Figure 3-1. Schematic drawing of primary structures of recombinant Mms6 proteins used in 
this chapter. The Mms6
1-111
 (lacks the C-terminus), Mms6
75-133
 (lacks the N-terminus, 
Chapter II) and Mms6
1-88












-His, by SDS-PAGE. Lane M is protein markers (Precision Plus protein 
standards; Bio-Rad); lane S is soluble fraction; lane ME is membrane fraction. The 
Mms6
1-111
 was expressed in the soluble fractions, whereas Mms6
1-88
 was expressed in 
the membrane fractions. The arrowheads indicated recombinant proteins. The gels were 
stained with Coomassie Brilliant Blue G-250 (left) and InVision His-tag In-gel (right). 
Mms61-111-His Mms61-88-His




















Figure 3-3. Tricine-SDS-PAGE gel profile of thrombin cleavage assay. The poly-His 
was removed from Mms6
75-133
 after the reaction with Biotinylated Thrombin (Novagen) 
for 16 h (lane 1) or 20 h (lane 2) at room temperature. Lane 3 is the purified 
Mms6
75-133
-His (control); lane M is protein markers. Reaction mixtures were removed 
the Biotinylated Thrombin by using Streptavidin Agarose. The His-tag removed proteins 






Figure 3-4. Purification of Mms6 proteins using Ni
2+
 affinity chromatography. SDS-PAGE gel 
profile of purified Mms6 proteins, Mms6
1-133




. Note that 
The Mms6
1-111
 was purified from the membrane fraction, whereas Mms6
1-88
 was purified from 
the soluble fraction. The arrowheads indicated purified Mms6 proteins. The gels were stained 








































































Figure 3-5. (A) Elution profile and (B) SDS-PAGE gel profile of Mms6
1-111
-His sample from 
size exclusion chromatography. Mms6
1-111
 was eluted with molecular mass >1,000-kDa, 
indicating that Mms6
1-111
 forms oligomer. The bottom parts in SDS-PAGE profiles indicated 
the presence of proteins in eluted fractions. Three markers were used, 669-kDa thyroglobulin 
(bovine thyroid), 220-kDa -amylase (Ipomoea batatas), and 29-kDa carbonic anhydrase 









































Figure 3-6. (A) Elution profile and (B) Tricine-SDS-PAGE gel profile of Mms6
75-133
-His 
sample from size exclusion chromatography. Mms6
1-133
 forms larger oligomer with molecular 
mass >1,000-kDa. The bottom parts in SDS-PAGE profiles indicated the presence of proteins in 
eluted fractions. Three markers were used, 669-kDa thyroglobulin (bovine thyroid), 220-kDa 







   
Figure 3-7. (A) The elution profile and (B) SDS-PAGE gel profile of Mms6
1-88
-His sample from 
size exclusion chromatography. The Mms6
1-88
 was eluted with approximate 30-kDa as the trimer. 
The bottom parts in SDS-PAGE profiles indicated the presence of proteins in eluted fractions. 
Three markers were used, 669-kDa thyroglobulin (bovine thyroid), 220-kDa -amylase (Ipomoea 









































Figure 3-8. Analysis of MamA and Mms6
1-111
 interaction by size-exclusion chromatography. 





-His were eluted at the same factions, indicating the interaction 
between MamA oligomer and Mms6
1-111
 oligomer. The bottom parts in SDS-PAGE profiles 
indicated the presence of proteins in eluted fractions. Three markers were used, 669-kDa 
thyroglobulin (bovine thyroid), 220-kDa -amylase (Ipomoea batatas), and 29-kDa carbonic 
















































































Figure 3-9. Analysis of MamA and Mms6
75-133
 interaction by size-exclusion chromatography. (A)The 
elution profile and (B) Tricine-SDS-PAGE gel profile of MamA-Mms6
75-133
 mixture. His-MamA and 
Mms6
75-133
-His were eluted at the same factions, indicating the interaction between MamA oligomer 
and Mms6
75-133
 oligomer. The bottom parts in SDS-PAGE profiles indicated the presence of proteins 
in eluted fractions. Three markers were used, 669-kDa thyroglobulin (bovine thyroid), 220-kDa 












































Figure 3-10. Analysis of MamA and Mms6
1-88
 interaction by size-exclusion chromatography. (A) 





His-MamA were separately eluted from the column, indicating that MamA did not interact with 
Mms6
1-88
. His-MamA was eluted as large oligomer (~500-kDa), while Mms6
1-88
-His was eluted as 
trimer (~30-kDa).The bottom parts in SDS-PAGE profiles indicated the presence of proteins in eluted 
fractions. Three markers were used, 669-kDa thyroglobulin (bovine thyroid), 220-kDa -amylase 








Figure 3-11. SDS-PAGE gel analyses of the immunoprecipitation (IP) assays. Mixtures 
containing His-MamA and each of Mms6 truncated mutants were precipitated with anti-MamA 
antibodies. The SDS-PAGE revealed that Mms6
1-111
-His (A) or Mms6
75-133
-His (B) 
co-precipitated with His-MamA, indicating the interactions with MamA. However, 
Mms6
1-88
-His (C) did not interact with His-MamA. The IP assays indicated that MamA interacts 
with Mms6
1-111
 and with Mms6
75-133
, but not with Mms6
1-88
. The open arrowheads indicate 
MamA bands and the solid arrowheads indicate Mms6 bands. The gels were stained with 





















































Figure 3-12. SDS-PAGE gels analyses of the Ni-NTA pull down assays. (A) MamA 
co-precipitated with Mms6
1-111
-His, indicating the MamA-Mms6
1-111
 interaction. (B) 
Tricine-SDS-PAGE gel analysis showed that Mms6
75-133
 interacts with MamA. In contrast, MamA 
did not co-precipitate with Mms6
1-88
-His, indicating no interaction between MamA and Mms6
1-88
 
(C). The open arrowheads indicate MamA bands and the solid arrowheads indicate Mms6 bands. 
















































































Figure 3-13. Analysis of MamA and cytochrome a1-like hemoprotein interaction by 
size-exclusion chromatography. (A) The elution profile and (B) SDS-PAGE gel profile of 
cytochrome a1-like hemoprotein fractions. (C) The elution profile and (D) SDS-PAGE profile of 
the sample containing His-MamA and cytochrome a1-like hemoprotein. Note that there is no 
interaction between His-MamA and cytochrome a1-like hemoprotein. The bottom parts in 
SDS-PAGE profiles indicate the presence of proteins in eluted fractions. Three markers were 
used, 669-kDa thyroglobulin (bovine thyroid), 220-kDa b-amylase (Ipomoea batatas), and 











































Figure 3-14. Schematic model for the Mms6 oligomerization which provides the MamA 
binding site. Two types of Mms6, the 14.5-kDa Mms6
1-133
 and the 6.0-kDa Mms6
75-133
, 
exit in magnetosome membrane in roughly equal amounts. The C-terminal parts of Mms6 
are inside the magnetosome vesicle because the C-terminal region of Mms6 contains the 
putative iron binding site for magnetite synthesis (13, 14). Mms6 proteins interact with 
each other by transmembrane region to form the large oligomer in magnetosome 
membrane. After oligomerization, the N-terminal parts of Mms6 (a. a. 75 to 88) in the 
cytosol are predicted to provide the binding site which attaches MamA oligomer in 










Table 3-1. Bacterial strains and plasmids used in this study 
 
Strains and plasmids Description 
Source or 
reference 
Strains   
 




E. coli BL21(DE3) 

(mcrA)183(mcrCB-hsdSMR-mrr)173 
endA1 supE44 thi-1 recA1 gryA96 relA1 lac 
[F’, proAB, laqIqZM15, Tn10(TetR)] 
 















































Table 3-2. Primers used in this study. 
 
Primer name Sequence (5’-3’) 
FW -mms6-a 5’-CACCACCACCACCACCACTGAG-3’ 
RV -mms6-a 5’-GGAACCGCGTGGCACCAGGGTACC-3’ 
FW -mms61-111 5’- GGTACCCTGGTGCCACGCGGTTCC-3’ 
RV -mms61-111 5’- ATACGCGTAAACCGCCCCGGCG-3’ 
FW-mms6 1-88 5’- GGTACCCTGGTGCCACGCGGTTCC-3’ 









The outcome of my research is two-fold: 
1. I specified the binding partner of MamA. In this study, I convincingly showed the 
interaction between MamA and Mms6. This study, for the first time, described the 
exit of 14.5-kDa Mms6 (Mms6
1-133
) in magnetosome. Also, a new role of Mms6 in 
magnetosome membrane that anchors MamA has been proposed in this study. 
 
2. I determined that the transmembrane region of Mms6 function in Mms6 
self-assembly to form large oligomer. The oligomerization of Mms6 may be 
necessary for the interaction with MamA.  
 
Moreover, an important next step remains to as in vivo studies of the MamA-Mms6 
interaction. Specifically, the knowledge to as MamA localization in the mms6 gene 
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